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Abstract An experimental study was carried out on an axisymmetric supersonic inlet with external
compression. The scope of this study was to investigate the general characteristics of the inlet buzz under
various design and off-design conditions. The model was equipped with accurate and high frequency
pressure sensors and the tests were conducted at Mach numbers varying from 1.8 to 2.5, at various angles
of attack, and at different mass flow rates. Shadowgraph flow visualization, together with a high speed
camera, was used to capture the external shock structure in front of the inlet. Frequencies of buzz were
obtained from both the shadowgraph pictures and analysis of the pressure data. The amplitude of the
shock wave motion was measured from the visualization pictures, too. The results show that for low
mass flow rates, buzz frequency is almost independent of Mach number, while at a higher mass flow rate,
the frequency of the shock oscillation increases with Mach number. Further, for each free stream Mach
number, as the mass flow rate decreased, the amplitude of the shock movement grew, but its frequency
decreased.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Supersonic inlets are designed to reduce flow velocity
relative to the engine with minimum loss, to have stable and
efficient combustion. These types of inlet exhibit a marked
instability of flow in their subcritical operation below some
value of the flow ratio. Oscillations of shock waves, which are
colloquially known as ‘buzz’, are generated at the supersonic
compression ramp [1]. Experience shows undesirable buzz
phenomenon may sometimes lead to combustion instability,
engine surge and thrust loss, all of which may result in
deterioration of the performance of the propulsion system.
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destruction of the engine [2]. The physical characteristics of
the buzz have not been thoroughly understood up to now.
Explanation of the physical mechanism was based primarily
on experimental studies and measurements. The phenomenon
was first observed and described by Oswatitsch (1944) in
tests on several axisymmetric intakes. It received a great
deal of attention on similar configurations throughout the
1950s [3].
In this study, the general characteristics of the inlet buzz,
when operating under design and off-design conditions, are in-
vestigated. For this purpose, an axisymmetric supersonic ex-
ternal compression inlet was designed and manufactured. The
model was tested in a supersonic suction type wind tunnel.
The inlet was richly equippedwith accurate and high frequency
pressure sensors enabling one to record time variant pressure
data. External shock formation in front of the inlet was visu-
alized using a shadowgraph system. Experiments were con-
ducted at different free stream Mach numbers ofM = 1.8–2.5,
and at different angles of attack, α = 0°–10°. Furthermore,
various mass flow rates were examined to study their effect on
the onset of buzz phenomenon. The purpose of the experiments
was to build a database and to improve existing knowledge re-
garding buzz onset and its variation with different parameters.
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d maximum body diameter (mm)
f oscillation frequency (Hz)
M mach number
s shock movement amplitude (mm)
x longitudinal distance from the spike nose (mm)
α Angle Of Attack (A.O.A) (deg)
δ = s/Ls ratio of the shock movement amplitude to the
outside cowl conical part
η = A/A∞ ratio of exit flow area to the area of a circle
with cowl lip diameter
Subscripts
∞ free stream conditions
2. Previous studies
Buzz instability causes shock oscillation in front of the
inlet, as well as large pressure fluctuations downstream.
Therefore, efforts to understand the nature and the cause of
this phenomenon are important, in order that the start of
buzz can be predicted and more effectively avoided without
losing performance [4]. There are two phases to describe the
buzz instability onset, as the flow throttle setting is reduced
from critical value. Firstly, at small spillage, a high frequency
and low amplitude oscillation of the normal shock sets in.
Further closing of the throttle leads to another phase of buzz in
which amplitude grows much more than before, and the shock
oscillation cycle involves thewhole shock system. In this phase,
shock configurations at the ‘‘forward’’ end of the oscillation
are dependent on the length of the cone projection [1]. In
some cases, as the throttle opening is reduced, the initial low-
amplitude buzz merges directly into the large-amplitude form
without an intermediate stable flow range.
For buzz initiation and onset, three criteria are defined. Ferri
and Nucci (1951) observed experimentally in a large number
of instances, with axisymmetric intakes, that shock oscillation
commenced when vortex sheets from the intersection point of
the normal and oblique shocks encounter the inner surface of
the cowl lip during subcritical operation [5]. This occurrence has
become generally known as the ‘‘Ferri criterion’’. They showed
that the separation tendency of the stream increases with the
increasing strength of the total-pressure discontinuity across
the vortex sheet, and decreases as the sheet moves away from
the cowl lip. The main reason for the instability described
by the Ferri criterion is flow choking in the subsonic diffuser
due to flow separation. Daily (1954) pointed out that shock-
induced flow separation on the external compression surface
could have a similar effect [6]. The boundary layer that develops
on the compression ramps separates when crossing normal
shock, and if this separated flow region grows, it may also
cause an inlet obstruction and initiate buzz instability, named,
‘‘Daily criterion’’. Daily also introduced the important relation
between oscillation frequency and diffuser length during the
buzz. He noticed that a longer diffuser has lower frequency,
and the resonance frequency is influenced by vortex shedding
from the cowl lip. That is the link between the acoustic
resonance modes and the frequencies of the diffuser. Some
researchers focused on relations between the variation of the
inlet total pressure or the inlet static pressure with the mass
flow ratio. Orlin andDunsworth (1951) showed that breakdownof the stable flow occurs when the slope of the static pressure
characteristic at the inlet entrance passes from negative to
positive as the flow ratio is reduced [7]. This phenomenon is
known as ‘‘pressure slope criterion’’.
After Oswatitsch’s first observation, during subsequent
years, other researchers carried out a few experimental studies
of inlet buzz on different configurations. Fisher et al. worked
on rectangular inlets, and observed two phases for buzz
instability [8]. The first phase is due to an acoustic resonance
phenomenon excited by the presence of a shear layer under
the cowl lip called ‘‘little buzz’’ (Ferri criterion). The second
phase is named ‘‘big buzz’’, which seems to be triggered by a
boundary layer separation on the compression ramps (Dailey
criterion). Sterbentz and Evvard (1951) considered the inlet as
a Helmholtz resonator and showed that the inlet would become
unstable if the slope of the pressure recovery characteristic
is positive [9]. Trimpi (1956) and Leynaert (1970) undertook
some theoretical studies about this subject, with linear analysis,
based on idealized models of fluid flow [10,11].
A few other researchers have tried to study buzz instability
numerically. The first unsteady Navier–Stokes computation of
this phenomenon was accomplished by Newsom (1984). He
pointed out that the buzz appears only for a closed-end case;
the calculated frequency was very close to the theoretical
fundamental acousticmodes [12]. Lu and Jain (1998) performed
a numerical simulation of Daily’s experiments, using the RANS
equation and the Balwin–Lomax turbulent model [13]. Their
calculated frequency agreed well with the experimental data.
Valuable studies on inlet buzz have been conducted since
2004 in ONERA. These studies were carried out on a mixed
compression rectangular inlet model. Both little and big buzz
during the subcritical operation, as well as buzz frequency
ranging from 120 to 140 Hz, were observed. Little buzz is
thought to correspond to an acoustic resonance of the inlet,
while big buzz arises when the mass flow rate is low and the
frequency is around 1–20 Hz (depending on the free stream
Mach number) [14]. In addition, the buzz onset was obtained
through analysis of pressure signals. Since the onset of buzz is
a nonstationary phenomenon, wavelet transformswere used to
process the pressure signals.
3. Experimental setup and procedures
All tests were conducted in a QRC supersonic wind tunnel
in Iran. The equipment used for this investigation includes a
shadowgraph visualization system, a data acquisition system,
pressure transducers, a vacuum pump, a manometer and a few
other accessories.
3.1. Wind tunnel
The wind tunnel is a suction type open-circuit, which can
operate continuously between Mach numbers of 0.4–2.5 via
engine RPM and nozzle adjustments, with no limitation on the
running time [15]. It has a test section of 60 × 60 × 120 cm3
and is equipped with pressure transducers and a shadowgraph
visualization system, etc. Figure 1 shows a sketch of the wind
tunnel.
3.2. Model
The inlet model used in this experiment is a supersonic
axisymmetric external compression one, as shown in Figure 2.
In Figure 2a, the main model parts are specified. The main parts
include an external cowl that produces flow compression and
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Figure 2: Model installation and drawing.is connected to the axisymmetric subsonic diffuser, consisting
of a cowl and a spike. The model has a fixed geometry with
no bleed system. The design Mach number and L/d are 2 and
4.8, respectively. To run tests for different mass flow rates, a
conical device, named, plug, is used at the end of the inlet. As
shown in Figure 2a, the plug can move in the direction of the
body longitudinal axis that varies the inlet exit area. Therefore,
in this way, one can control the mass flow rate. A picture of the
inlet model installed in the wind tunnel test section is shown in
Figure 2b.
3.3. Transducer and sensors
The model was equipped with accurate pressure sensors.
They can measure unsteady static pressures during the buzz.
They were distributed on the spike and on the outer cowl
surfaces.
3.4. Flow visualization system
Shadowgraph flow visualization was used to capture the
external shock formation in front of the inlet. The shadowgraph
pictures were taken using a high speed camera at 1000 frames
per second. The amplitude and frequency of the shock wave
oscillations are obtained from the pictures recorded by the
shadowgraph system, under different free stream conditions
and mass flow rate passing the inlet.
3.5. Test procedure
To investigate buzz instability, the model was tested for
different Mach numbers, M∞ = 1.8–2.5, and for the angles ofattack, 0, 3, 6, and 10 degrees. During each test, the exit throat,
initially open, was progressively throttled to reduce mass flow,
until the buzz started. The throat was then further opened until
the buzz stopped.
4. Results and discussion
The purpose of this paper is to investigate buzz phenomenon
via measuring its frequency, amplitude and the distance that
the shock wave travels. Therefore, a series of extensive wind
tunnel tests were conducted and the corresponding visualiza-
tion pictures, as well as pressure data, were obtained for each
test. The results will be presented for Mach numbers, M∞ =
1.8–2.5, for different mass flow rates, and for four different
angles of attack, α = 0°, 3°, 6° and 10°. The frequency of buzz
oscillation and shock displacement amplitude is found from
shadowgraph visualization pictures. The measured frequency
has been further confirmed by pressure data recorded by sensi-
tive high frequency pressure transducers.
4.1. Flow visualization pictures
4.1.1. Influence of mass flow rate on shock structure
Inlets of supersonic aircraft are mostly dominated by
oscillation of the shock wave system during buzz phenomenon.
At very small and finite mass flow, a bow shock wave stands
ahead of the inlet, and a region of subsonic flow exists between
the shock and the inlet entry, bounded by sonic lines. As the
mass flow ratio is increased, the bow shock wave converts to
an oblique shock and a normal one. In this situation, almost
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the entire region of the inlet is affected by instability. As η is
further increased, the normal shock continuously approaches
the duct entry until the shock lies across the entry plane.
Figure 3 exhibits the shock structure formation in front of
the spike for a free stream Mach number of 1.8, at an A.O.A
of 6°, and for various mass flow rates. As mentioned above,
increasing η pushes the normal shock toward the cowl lip and
decreases the spillage mass flow (Figure 3). Since the flow
has an A.O.A of 6°, the shock structure over the leeward and
windward sides of the body is not the same. The nose oblique
shock at the windward side strengthens, and normal shock at
lower mass flow weakens, causing a delay in separation and
consequently avoiding buzz type which occurs due to flow
separation. In contrast, on the leeward side, because of weaker
oblique shock, normal shock becomes stronger, hence it can
cause flow separation and further encourage buzz initiation.
In Figure 4, the shock movement is captured in more detail
for aMach number ofM∞ = 2.5 and at zero degrees A.O.A. This
figure shows that the shock structure of windward and leeward
sides is symmetric as expected. Since the inlet operates at a
Mach number greater than its design condition, the nose shock
angle decreases. Also at almost large mass flow, the shear layer
of the shock intersection passes near the cowl inner surface
and may even contact the surface, which will excite the little
buzz mechanism earlier. Comparison of Figures 3 and 4 clearly
illustrates that for the same η, the normal shock wave stands
closer to the cowl lip at higher free stream Mach number.
4.1.2. Buzz cycle at different conditions
When the shock displacement is visible (for low tomoderate
mass flow rates), it is possible to measure buzz frequency and
the amount of shockmovement from the visualization pictures.
A buzz cycle is shown in Figure 5 for Mach number of 2, α = 6°
and η = 0.087. Figure 5 shows that for this lowest mass flow
ratio, buzz oscillation starts from a slide number of 1 where
the normal shock is coincided with the nose oblique shock
and a bow shock is formed. During the cycle, the shock wave
moves downstream toward the cowl lip and returns back to
its initial position in slide number of 8. The same phenomenon
could start from the next slide, number 9, and beyond. All
slides were recordedwith a rate of 1000 frames per second; the
period of this buzz cycle is about 0.008 s (0.008 ± 0.001 due
to the error of one frame), and its frequency is around 125 HzFigure 4: Themass flow effecting the shock structure atM∞ = 2.5 andα = 0°.
(111 ≤ f ≤ 143). As mentioned in the previous section, for
Figure 3, the angle of attack of 6° causes the shock structure
in the windward and in leeward sides of the body to become
asymmetric. The stronger normal shock of the leeward side can
encourage separation, thus buzz can initiate earlier and have
larger shock movement amplitude.
A buzz cycle for the free stream Mach number of 2.5, A.O.A
of 0°, and moderate mass flow rate, η = 0.509, is shown in
Figure 6. For this condition, the shock motion sweeps almost
the entire portion of the external area of the spike. Also for
α = 0°, sock oscillation is seen to have the same configura-
tion for both leeward and windward sides of the body, as ex-
pected. Figure 6 shows that the angle of the nose oblique shock
decreases due to increasing the free streamMach number. Thus
the shear layer shedding from the shock intersection always
passes through the inlet and can impinge the cowl inner sur-
face. Furthermore, the normal shock strengthens and causes the
separation region to grow. These two reasons initiate the large-
amplitude buzz phenomenon with a frequency of about 125 Hz
(Figure 6), which is close to the frequency of big buzz occur-
ring at small mass flow rate for lower Mach numbers. Hence at
this mass flow, for the lower free stream Mach numbers, a lit-
tle buzz phenomenonwith high frequency and small shock dis-
placement amplitude occurs,while forM∞ = 2.5, an oscillation
with big buzz characteristics takes place.
Figure 7 shows another buzz cycle for a free stream Mach
number of 2.5, but for a different value of η. The effects of
A.O.A on buzz instability and on the asymmetric behavior of
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Figure 6: Buzz cycle for η = 0.509 atM∞ = 2.5 and α = 0°.
the shock oscillation on the leeward and windward sides of
the body are observed by comparing the pictures shown in
Figures 6 and 7 (with the same M∞ and small difference in η).
The results of these figures demonstrate that by increasingmass
flow rate, both the oscillation amplitude and the frequency of
the leeward side reduce. In Figure 7, the period of the buzz cycle
is around 0.012 s and its frequency is about 83 Hz, which are
different from the corresponding values of 0.008 s and 125 Hz
obtained from Figure 5. Comparison of Figures 5 and 7 shows
that by increasing Mach number from M∞ = 2 to M∞ = 2.5,
a reduction in the oblique shock angle in both leeward and
windward sides has been obtained. Also for constant α, the
asymmetry of the shock system at windward and leeward sides
grows by increasing the free stream Mach number.Figure 7: Buzz cycle at η = 0.629 forM∞ = 2.5 and α = 6°.
4.2. Frequency of oscillations
4.2.1. Results of pressure data
Time variant pressure data over the spike surface at a
location of x/d = 0.09 and its corresponding spectra are shown
in Figure 8. The location of the pressure tab is specified by a
S2 label (Figure 8a). This curve which has been drawn for a
free streamMach number of 1.8, zero angle of attack, and mass
flow ratio of 0.087 shows the harmonic and large-amplitude
variations of the pressure signals. For this case, the mass flow
rate is very low, η = 0.087, so the big buzz occurs and the
visualization pictures show a large-amplitude shockmovement
along the spike. The pressure data have a time period of about
7.2 ms and a frequency of around 138, as seen from Figure 8a.
To find buzz frequency from the pressure data, the FFT (Fast
Fourier Transform) method was employed (Figure 8b). The
frequency of the data acquisition was 9 kHz. In this figure,
the main frequencies of the pressure signals are specified. The
signal has a fundamental frequency of about 138 Hz (which
is clearly seen from Figure 8a), other picks at 276, 414 Hz
and so on in this logarithmic curve are harmonics of the
fundamental frequency (Figure 8b). Therefore, this case shows
a big buzz phenomenon with a fixed period and a single
oscillation frequency.
Figure 9 shows another pressure variation for the same
conditions as in Figure 8, but, for a free stream Mach number
of 2. When the free stream Mach number increases, the
amplitude of the pressure signal and the shock movement
increases considerably, but, buzz frequency remains nearly
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Figure 8: Time variation and frequency of pressure data during buzz for location of x/d = 0.05,M∞ = 1.8, η = 0.087 and α = 0°.(a) Pressure time history. (b) Spectra of pressure.
Figure 9: Time variation and frequency of pressure signal during buzz for location of x/d = 0.09,M∞ = 2, η = 0.087 and α = 0°.constant (Figure 9a). The corresponding frequency analysis of
the pressure signal of Figure 9a is presented in Figure 9b. The
main frequency of this signal is 135 Hz. The next picks are
harmonics of f = 135Hz. Accurate analysis of the shadowgraph
picture for these two cases confirms the results of the FFT
method of pressure data.
4.2.2. Results of shadowgraph pictures
A few of the visualization pictures, together with the
procedure to calculate buzz frequency, were presented in the
former section. A similar procedure was repeated for other
test conditions and the frequencies of buzz were obtained.
Variations of buzz frequency with Mach number, for different
A.O.A and for low to moderate values of mass flow rate, are
shown in Figure 10. The buzz period was achieved from the
number of frames per cycle, with an error of one frame,
which is specified by the error bar in Figure 10. For the
lowest mass flow rate, η = 0.087, and at zero degrees angle
of attack (which is identified by the error bar), buzz frequency
is nearly independent of A.O.A, while for the others, thefrequency decreases slightly with an increment in Mach
number (Figure 10a). Previous experimental data show that
for low mass flow rates, the main reason for buzz oscillation
is flow separation or the Daily criterion, which causes large-
amplitude and small oscillation frequency. But for higher values
of mass flow rate, the main reason for buzz instability is the
shear layer that enters the inlet and encounters the cowl inner
surface (Ferri criterion). In this situation, flow separation over
the spike causes big buzz initiation with different frequencies,
because of the difference in the nature of the separation.
Therefore, the frequency variation shows nonlinear behavior. It
seems that there is some relationship between the frequency
of buzz oscillation and the diffuser’s acoustic resonance modes.
The resonance modes for ducts with open (where the flow
passes through it) and closed ends are given by the following
formula [4]:
fn = (2n+ 1) a4L (1−M
2), n = 0, 1, 2, . . . (1)
where L is length of duct, a is speed of sound, and M is Mach
number of flow along the duct. This equation shows that for
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(b) η = 0.26. (d) η = 0.629.
Figure 10: Effects of free stream Mach number on the buzz frequency at different angles of attack for various η’s.acoustic analysis, both frequency and Mach number have a
direct correlation, but it does not imply any relation between
buzz frequency and angles of attack. Increasing free stream
Machnumber has a small offset in theM in Eq. (1). Hence a small
reduction in frequency is expected, which is in agreement with
the case of α = 0, shown in Figure 10a. Comparison between
this case and Eq. (1) shows that, for this condition, acoustic
factors are dominated. A curve similar to that of Figure 10a,
however, for a larger mass flow rate, η = 0.26, is shown in
Figure 10b. This figure clearly shows that, for low angles of
attack, buzz frequency remains almost constant, while for α =
6°, it reduces at high free stream Mach number. In Figure 10c,
frequency variation for larger mass flow rate, η = 0.344, is
shown. For this mass flow, big buzz is dominated. At M∞ =
1.8, buzz frequency increases when α is increased, while, for
Mach numbers of 2 and 2.2, buzz frequency has no considerable
changewith angle of attack andwith free streamMach number.
Also highermass flow rate causes different frequency variations
for both small and large values of angles of attack (Figure 10d).
If the mass flow rate becomes large, the rate of frequency
variations shows different behavior for each free stream Mach
number, as shown in Figure 10d. This trend has been verifiedby other researches also [5]. As seen from Figure 10d, the
frequency of oscillations has a decreasing pattern with Mach
number for both angles of attack. For the case, η = 0.629,
little buzz occurs, and buzz frequency is smaller from than
other mass flow rates at high free stream Mach number. The
frequency of little buzz is greater than that of big buzz. Thus
at this fairly high mass flow and at Mach number of 2, little
buzz occurs, while for higher free stream Mach number, big
buzz is dominated. It is further seen from Figure 10d that the
buzz frequency ofM∞ = 2 is higher than others, especially for
the case of α = 6°. Increasing the free stream Mach number
strengthens the normal shock and encourages flow separation
over the spike. Thus big buzz occurs even at highmass flow rates
where little buzz is expected under the design condition.
4.3. Amplitude of the shock movement
To find the shock movement amplitude, visualization
pictures with an accurate and proper length scale were
used. After importing each picture in CAD software, shock
displacement is obtained using the known length scale of that
picture. When mass flow rate increases, shock displacement
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Figure 11: Effects of free stream Mach number on buzz amplitude at different angles of attack for various η’s.reduces. Therefore, visualization pictures cannot help to find
buzz characteristics after the special value of mass flow rate,
which grows with free stream Mach number incrementally.
Figure 11 shows variations of the amplitude of the shock
movement with Mach number at four angles of attack and
for different mass flow rates, η = 0.087–0.629. This figure
shows that for Mach numbers of 1.8, 2.0, and 2.2 and at small
angles of attack, variations of buzz amplitude are nearly small
for all mass flow rates, η = 0.087–0.629. The majority of the
amplitude variations, as seen from this figure, is for high Mach
number (M = 2.5). For this Mach number, M∞ = 2.5, the
amplitude rises and has different values for different mass flow
rates. In addition, the instability zone for M∞ = 2.5 is much
larger, where the Daily criterion (boundary layer separation)
is the main reason for the buzz phenomenon (Figure 1). For
η = 0.087 and α = 10°, shock displacement increases with
Mach number, because normal shock strengthens and causes a
larger separation region (which originates fromshock boundary
layer interaction). Increasing mass flow rate decreases shock
movement, because the little, instead of big, buzz is dominated.
For lower Mach number and constant mass flow, shock
amplitude increases as α increases, while for free stream Mach
number 2.5, this trend is released, especially for higher mass
flow, because at this speed, the shocks are stronger, resulting in
big buzz. In addition, the nose shock angle is smaller, in such a
way that the shear layer of the shock intersection is capable of
initiating little buzz. A combination of these elements causesthe unpredictable behavior of the buzz at M∞ = 2.5 as seen
from Figure 11.
5. Conclusion
An extensive experimental study on an axisymmetric
supersonic inlet at several Mach numbers was performed to
investigate the buzz phenomenon under various conditions,
such as mass flow rate and angle of attack. The shadowgraph
technique was used to visualize the flow and shock formation
under various conditions. Furthermore, pressure distribution
over the spike of the model was measured by accurate pressure
sensors. The frequency and amplitude of buzz were measured
by pressure transducers and by visualization pictures for each
test. The results show that for lowmass flow, buzz frequency is
almost independent of the free stream Mach number, and has
small changes with angle of attack. Furthermore, the frequency
is close to 135 Hz (which is obtained from the pressure data,
too) for all conditions, since the big buzz operation is always
dominated individually. When mass flow increases, the higher
free streamMach number shows nearly the same behavior, but
little buzz influences low Mach number and causes different
patterns and higher frequency. Effects of angle of attack depend
on Mach number and on mass flow rate. In general, increasing
the angle of attack causes the buzz to initiate earlier. For each
Machnumber, reduction ofmass flowdecreases buzz frequency
and increases its amplitude. An increment in Mach number
increases the shock motion amplitude for all angles of attack.
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